The neuroanatomical system responsible for the generation and expression of the circadian vasopressin rhythm in cerebrospinal fluid (CSF) is investigated. CSF was serially withdrawn in individual, unanesthetized, unrestrained rats after neuroendocrine extirpations or stereotaxic brain lesions were made; the peptide was assayed using a sensitive and specific radioimmunoassay.
The neuroanatomical system responsible for the generation and expression of the circadian vasopressin rhythm in cerebrospinal fluid (CSF) is investigated. CSF was serially withdrawn in individual, unanesthetized, unrestrained rats after neuroendocrine extirpations or stereotaxic brain lesions were made; the peptide was assayed using a sensitive and specific radioimmunoassay.
Hypophysectomy or pinealectomy did not eliminate vasopressin from CSF; both day and night-time peptide levels in hypophysectomized rats were elevated above control levels. Complete lesions of the suprachiasmatic nuclei (SCN) abolished both the rhythm and in most cases the measurable level of peptide in CSF. Neither lesions of the paraventricular nuclei nor hypothalamic knife cuts interrupting most neural efferents from the SCN had this effect; in these cases, vasopressin rhythms persisted with diminished amplitude. Our results suggest that the circadian CSF vasopressin rhythm is produced by a neural system topographically separate from the classical magnocellular hypothalamo-neurohypophyseal system for the secretion of peptide into blood. The SCN are an important component of this new system and are necessary for the generation of the CSF rhythm.
The neurohypophyseal hormone, arginine vasopressin, has been measured in the cerebrospinal fluid (CSF) of several mammalian species (Robinson, 1983) . The principal source of the peptide in CSF is not blood, since permeability (if any) of the blood-brain barrier to vasopressin is too low to account for the levels in CSF (Wang et al., 1981; Ang and Jenkins, 1982; Stark et al., 1984) .
Recently, the concept has emerged that release of brain vasopressin into the CSF is both anatomically and functionally separate from secretion of neurohypophyseal vasopressin into the bloodstream. This idea was initially based on the observations that vaso-pressin is present in CSF after hypophysectomy (Dogterom et al., 1977) and in humans with diabetes insipidus (Luerssen and Robertson, 1980) . Anatomical studies have since shown that the peptide is found in neurons outside the classical magnocellular hypothalamoneurohypophyseal system (Buijs, 1983; Kozlowski et al., 1983; Sofroniew, 1983) ; the cell bodies of these neurons appear to be distinctly different from the cell bodies that project to pituitary gland (Swanson and Sawchenko, 1983) . Furthermore, vasopressin release into the CSF can be dissociated from its release into the systemic circulation by various physiological and pharmacological stimuli (Mens et al., 1980; Wang et al., 1982; Morris et al., 1984; Coleman and Reppert, 1985) , although conflicting results have been reported (Doris and Bell, 1984; Szczepanska-Sadowska et al., 1984) . These data support the notion that the peptide has specific brain functions in addition to its well established role in the regulation of water balance.
In this paper, we examine the neuroanatomical system responsible for the generation and expression of the CSF vasopressin rhythm and show that it is different from the classical hypothalamo-neurohypophyseal secretory system. For these studies, we measured the peptide rhythm in individual rats after neuroendocrine extirpations or stereotaxic brain lesions were made.
We and others have observed prominent daily rhythms of CSF vasopressin concentrations in cats (Reppert et al., 1981) , monkeys (Perlow et al., 1982) , rats (Mens et al., 1982; Schwartz et al., 1983) , guinea pigs (Robinson and Jones, 1982) , and rabbits (Gunther et al., 1984) . This hormonal rhythm is endogenously generated (circadian), i.e., it is sustained even in the absence of periodic lighting or other external timing cues and synchronized to the environmental light-dark cycle (Reppert et al., 1982; Schwartz et al., 1983) .
Materials and Methods

Animals
Adult male Long-Evans rats (Charles River Breeding Laboratories, Wilmington, MA) were housed individually in diurnal lighting (12 hr of light per day with lights on from 7:00 A.M. to 7:00 P.M.). Light was provided by 15-W cool white fluorescent tubes delivering an intensity of 700 Iux at the midcage level. Purina Rat Chow and water were freely available, and the time of day of routine care was randomized.
Surgical Procedures
Hypophysectomy.
Hypophysectomy was performed by the supplier on rats weighing 360 to 380 gm. Animals were anesthetized with ether, and the entire pituitary gland was removed after a parapharyngeal exposure. Rats were then housed by the supplier for 2 weeks to stabilize their weights at 280 to 300 gm; we maintalned them with supplemental orange slices and water containing 5 gm/lOO ml of sucrose, 0.2 gm/lOO ml of NaCI, 8.3 mg/ Vol. 5, No. 10, Oct. 1985 100 ml of KCI, 3.5 mg/lOO ml of CaCi*, and 1.7 mg/lOO ml of MgCI,. Sham hypophysectomy (gland exposure without removal) was also performed by the supplier.
Pinealectomy. We performed pinealectomy on rats weighing 225 to 250 gm. Animals were anesthetized with ether and placed in a Kopf stereotaxic apparatus.
The cranlum was exposed through a midline skin incision, and a trephine was used to remove a section of bone at the junction of the sagittal and lambdoidal sutures. The superficial pineal gland was grasped with forceps and pulled out through the confluence of the sinuses. The skull defect was plugged with a piece of gelatin foam. Stereotaxic brain lesions. We made stereotaxic brain lesions on rats weighing 280 to 320 gm. Animals were anesthetized with pentobarbital (50 mg/kg, i.p.), treated with atropine sulfate (0.1 mg, i.m.) and penicillin G (150,000 units, i.m.), and placed In the stereotaxic apparatus. Bilateral lesions of the suprachiasmatic nuclei (SCN) were made by passing 4 mA of current for 10 set through bipolar platinum-iridium electrodes insulated to within 0.5 mm of their tips (A, +7.5 mm anterior to ear bars; L, kO.3 mm from mldline, V, -9.5 mm from skull; incisor bar at the interaural Ilne). For sham lesions, electrodes were placed but no current passed.
Bilateral lesions of the hypothalamic paraventricular nuclei were made by rotating a triangular microknife.
The knife was shaped similar to the coronal cross-section of the nuclei by bending 26 gauge stainless steel tubing into a loop and filling it with solder. The cutting edge was 1 .O mm in height and approximately 4.0 mm in diameter when the tip was rotated. The knife was rigidly held within a 21 gauge guide tube, and this assembly was lowered into the brain with the knife tip pointing anteriorly in the midline (A, +6.4 mm anterior to ear bars; L, 0.0 mm in the midline; V, -8.5 mm from skull; incisor bar 7.5 mm below the interaural line). For sham lesions, the knife was lowered but not rotated.
To Interrupt neural efferents from the SCN, hypothalamic knife cuts were made by rotating a wire microknife.
This knife was constructed by bendlng a length of 26 gauge solid stainless steel tubing to form a cutting edge 1.5 mm in height and approximately 3.0 mm in diameter when the tip was rotated. The knife was carried within a 21.gauge guide tube and lowered Into the brain at a 15" caudal inclination (A, +7.7 mm anterior to ear bars; L, 0.0 mm in the midline; V, -9.0 mm from skull; incisor bar at the interaural line).
CSf collection
All rats were cannulated when they weighed 280 to 320 gm, i.e., 1 month after hypophysectomy, 2 weeks after pinealectomy, or at the same time that stereotaxic brain lesions were made. CSF cannulae were constructed, implanted into the cisterna magna, and anchored to the skull as previously described (Schwartz et al., 1983 nized by sonlcation for 5 set in 120 ~1 of 0.1 M sodium phosphate buffer (pi-l 6.8) and assayed. The limit of assay sensitivity was 2 pg/tube. The intraassay coefficient of variation was 10% and the interassay coefficient of variation was 20%.
Drinking behavior
Leads from the wire-mesh sampling cages and from the metal spouts of drinking tubes were wired to drinkometer relays (Lafayette Instruments, Lafayette, IN). A lick on the drinking tube registered a pen deflection on an event recorder (Esterline Angus, Indianapolis, IN) so that the daily profiles of drinking behavior were monitored for each rat. For analytical purposes, the raw data were scored as number of drinking bouts per 30.min Interval (values ranged from 0 to 3).
Rhythmicity of the drinking activity of some rats was analyzed by computer using a program for linear-nonlinear least squares multiple periodic regression (Rummel et al., 1974) . This program yields a t and an r2 value for all possible periods between 4.25 and 40.00 hr. Statistical significance was set at p < 0.01.
Histology
Location and extent of lesions were verified by light microscopic examination of cresyl violet-stained, 20-pm-thick frozen coronal sections. Sections were cut at 60.pm intervals.
Results
Neuroendocrine extirpations.
We first examined the possibility that vasopressin might gain access to CSF indirectly by secretion from neuroendocrine organs bordering the subarachnoid cisterns. After sham hypophysectomy (Fig. I) , the CSF vasopressin rhythm was indistinguishable from that previously reported in intact animals (Schwartz et al., 1983) . Vasopressin levels were low (at the limit of assay sensitivity) during the night and began to increase 2 hr before lights-on. Levels reached peak values during midmorning, declined during the afternoon, and were at low levels 2 hr before lights-off. Actual hypophysectomy did not eliminate vasopressin from CSF; in fact, levels were elevated during both day and night (Fig. 1) . Daily rhythms of vasopressin concentrations were still evident in individual animals ( Fig. 1 , especially rats H-12 and H-16), and peptide levels from 500 A.M. to 459 P.M. hr were higher (4.78 f 0.25 micro-units/ ml, SEM) than those from 500 P.M. to 4:59 A.M. hr (3.72 f 0.22 micro-units/ml) in the population of animals as a whole, but the individual profiles were quite variable.
Although the pineal gland apparently contains vasopressin (Buijs and Pevet, 1980; Fisher and Fernstrom, 1981) , pinealectomy had no effect on the daily CSF vasopressin rhythm (Fig. 2) .
Lesions of the SCN. Since the rhythm of CSF vasopressin concentrations is a true circadian rhythm, we next studied the effects of lesions of the SCN, the locus of a rat circadian clock (Moore, 1983) .
Rats with complete SCN lesions also sustained damage to the preoptic area and to the anterior, periventricular, and anterior ventromedial hypothalamic nuclei (Fig. 3A) . The paraventricular and supraoptic nuclei of the hypothalamus were spared in all cases, and the organum vasculosum of the lamina terminalis was not reproducibly involved. Visual inspection of drinking activity records from these lesioned animals showed no apparent circadian rhythms, as has been extensively reviewed in the literature (Moore, 1983) .
The CSF vasopressin rhythm was abolished in all lesioned rats (Fig. 4) , and in all animals but one (Fig. 4 , rat S-23) the level of peptide was at or near the limit of assay sensitivity. Drinking and CSF vasopressin rhythms were clearly evident after sham lesions (Fig. 5) . The peptide rhythm was sometimes sustained (Fig. 5 , rats S-24 and S-31) when lesions only partially destroyed the SCN. Although the number of animals was small, no relationship was apparent between rhythm persistence and volume or location of remaining SCN, extent or sites of nonspecific damage, or degree of residual rhythmicity of drinking activity.
Thus, the SCN are clearly necessary for expression of the circadian CSF vasopressin rhythm. Since vasopressin is contained within for individual rats after hypophysectomy or sham procedure, Animals were studied in diurnal lighting (lights on from 7:00 A.M. to 7:00 P.M. hr). CSF was collected at the times indicated. The dashed lines indicate the lower limit of assay sensitivity.
some SCN perikarya (Buijs, 1983; Kozlowski et al., 1983; Sofroniew, 1983) . High night-time melatonin levels after sham lesions (2165 -I 1983) the nuclei could generate the peptide rhythm either by 311 pg/gland, SEM) were significantly blocked after either partial periodically releasing the hormone or by regulating the timing of its (163 f 60 pg/gland) or complete (76 f 16 pg/gland) lesions of the release from another vasopressin-containing source. PVN (p < 0.05, Kruskal-Wallis nonparametric one-way analysis of Lesions of the paraventricular nuclei (PVN). We wished to examine variance and multiple comparisons test) (Siegel, 1956 ). the effects of PVN lesions on the CSF vasopressin rhythm because
The CSF vasopressin rhythm was present in all of these rats (Fig. these nuclei contain substantial amounts of vasopressin, appear to 6) although amplitude was diminished in some of the lesioned receive SCN innervation (Berk and Finkelstein, 1981; Stephan et al., animals. No relationship was found between rhythm amplitude and 1981; Card et al., 1981) and may function as a relay for SCN control nocturnal melatonin concentrations. of at least one circadian rhythm, that of melatonin production by the Partial isolations of the SCN. Since additional vasopressin-conpineal gland (Klein et al., 1983; Lehman et al., 1984) .
taining perikarya are located outside the confines of the PVN, we Complete PVN lesions destroyed the magnocellular and parvoperformed knife cuts to interrupt neural efferents from the SCN and cellular divisions of the nuclei and the immediately surrounding examined the effects on the CSF vasopressin rhythm. hypothalamic neuropil (Fig. 38) . The anterior commissural nucleus All cuts at least partially isolated the SCN from the rest of the (Peterson, 1966) containing oxytocin (Rhodes et al., 1981; Sofron- hypothalamus, Anteriorly and posteriorly, the knife reached the base iew, 1983) was usually spared; SCN and supraoptic nuclei were of the brain. Islands extended caudally from the lamina terminalis to undamaged in all cases. We confirmed recent reports that these the anterior border of the medial basal hypothalamus. The lateral lesions prevent the normal nocturnal elevation of pineal melatonin extent of the cuts was more difficult to discern, and in some cases concentrations ( melatonin concentrations were depressed (301 f 106 pg/gland, SEM), and drinking activity showed no circadian periodicity by visual inspection and statistical analysis.
The vasopressin rhythm was present but clearly diminished (Cl micro-unit/ml of CSF) after partial isolations of the SCN (Fig. 7) . In the two rats with unmeasurable peptide levels (Fig. 7 , rats l-31 and l-36) the SCN were destroyed by the surgical procedure.
Discussion
Our data suggest that the circadian CSF vasopressin rhythm is produced by a neural system topographically separate from the classical magnocellular hypothalamo-neurohypophyseal system for the secretion of peptide into blood.
Neither the neurohypophysis nor the PVN are essential to the continued presence of vasopressin in CSF. Any contribution by neurons in the supraoptfc nucler would also seem unlikely since they all appear to project to the neurohypophysis (Buijs, 1983; Kozlowski et al., 1983; Sofroniew, 1983; Swanson and Sawchenko, 1983) .4 Our results also rule out the possibility that CSF vasopressin levels are due to high concentrations of peptide in hypophyseal portal plasma, whether by secretion from PVN terminals in the median eminence (Recht et al., 1981) or by retrograde transport from the neurohypophysls (Oliver et al., 1977) . Elevated CSF vasopressin concentrations after hypophysectomy have been noted previously (Dogterom et al., 1977) and may be secondary to a massive penetration of new neurosecretory fibers into the third ventricle (Polenov et al., 1981) . Conversely, the SCN are an essential component of this CSF system. Lesions of the nuclei abolish both the rhythm and in most cases the measurable level of peptide in CSF. Since some of the cell bodies In the SCN contain vasopressin, the peptide in CSF may actually originate from these neurons. Another possibility IS that the circadian oscillator located in the SCN may trigger vasopressin release from some other neural sites. For example, vasopressin cell bodies have now been Identified in the bed nucleus of the stria terminalis, dorsomedlal hypothalamus, medial amygdaloid nuclei, and locus ceruleus (Caffe and van Leeuwen, 1983; van Leeuwen and Caffe, 1983) .
In order to address this Issue, we performed knife cuts to interrupt neural efferents from the SCN. Although our rsolations left the extreme lnferolateral borders of the SCN intact In some cases, the cuts should have severed most SCN efferents because they course dorsally and caudally close to the midline (Berk and Finkelstein, 1981; Stephan et al., 1981; Watts and Swanson, 1984) . In addition, we observed arrhythmrcity of drinking activity after our partial isolations; simultaneous Interruptron of lateral, dorsal, and caudal fibers is required for this result (Nunez and Stephan, 1977 rons from the SCN oscillator that provides the daily signal for vasopressln release. However, an equally plausible scheme is that only vasopressin-containing cell bodies located In the SCN rhythmically release peptlde into CSF. If this were the case, our knife cuts may have Interrupted the axons of a subpopulation of these neurons that release peptlde outside the anatomical boundaries of the nuclei (Hoorneman and Buljs, 1982) . A third possibility is that rhythm amplitude is modulated by SCN afferents which were disconnected by the knife cuts.
The neuroanatomical system responsible for the circadian CSF vasopressln rhythm, along with the rhythm's phase conservation across species (Reppert et al., 1983) and effective insulation from osmotic regulation of blood vasopressin (Coleman and Reppert, 198.5) suggests that the peptide has an important role in the mammalian circadian timekeeplng system. Thus far, this notion has been pursued only in the homozygous Brattleboro rat (Wiley et al., 1974; Peterson et al., 1980; Groblewski et al., 1981; Brown and Nunez, 1984 Figure 6 . Patterns of CSF vasopressin for individual rats after complete or partial PVN lesion or sham procedure.
